This paper presents the findings of a field and laboratory evaluation on the use of recycled glass blends as unbound pavement base/subbase materials. The parent recycled aggregates studied in this research were Fine Recycled Glass (FRG), Recycled Concrete Aggregate (RCA) and Waste Rock recycled glass content as well as 2 control sections with RCA and WR. Field tests were undertaken with nuclear density gauges and Clegg Impact Hammers to assess the performance of the various trial pavement sections. The recycled glass blend with 20% glass content was found to be the optimum level, where the blended material was workable, and also had sufficiently high strength.
Introduction
Construction and Demolition (C&D) materials in pavement base and subbase applications have generated recent interest in this day and age of environmentally friendly construction. These materials are increasingly being used particularly in recent years, as alternative materials to virgin quarry aggregates in road, pavement and footpath applications (Disfani et al., 2011 , Wartman et al., 2004 . The geotechnical and geoenvironmental properties of various types of C&D materials have been investigated in recent years; however the properties of each of these various types C&D materials needs to be fully evaluated in the field and laboratory before practitioners, industry and end-users are willing to consider them in sustainable civil engineering applications. While laboratory evaluation of these new alternative materials has been extensively undertaken, their field implementation in pavement base/subbase applications is limited.
In recent years, several authors have explored the viability of using various types of C&D materials in pavement base/subbase applications. This includes reclaimed asphalt pavement , Taha et al., 2002 , crushed brick (Arulrajah et al., 2012b) as well as other forms of C&D materials (Puppala et al., 2012 , Tao et al., 2010 . These authors have concluded that reclaimed asphalt pavement and crushed brick are viable materials for usage in pavement base or subbase applications when stabilized with cement or blended with high quality aggregates. Field and laboratory evaluation of crushed glass and crushed glass in blends with dredged materials for embankment fills have been reported by (Grubb et al., 2006a , Grubb et al., 2006b , Wartman et al., 2004 . Crushed glass has however yet to be assessed in the field to verify its geotechnical engineering performance as a pavement base/subbase material. This study has been undertaken to further research into crushed glass usage as a sustainable material by investigating their performance in pavement bases/subbases through field and laboratory evaluation. M a n u s c r i p t
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4 A research study was undertaken in this project to determine the geotechnical performance of a light duty trial road pavement comprising 7 sections with recycled glass blended with waste rock or recycled concrete aggregate in the pavement base and 2 control sections with recycled concrete aggregate and waste rock aggregates. The performance of the recycled aggregates in this trial road pavement was assessed by means of laboratory and field tests, particularly to assess the viability of recycled glass as an additive in pavement base applications. This research project comprised of 2 phases of works: 1) laboratory characterization phase -initial laboratory testing to determine the recycled glass blends for pavement base and subbase materials, and 2) field testing phaseconstruction and field testing the geotechnical performance of pavements with the recycled glass blends in pavement base.
The recycled aggregates studied in this research were Fine Recycled Glass (FRG), Recycled
Concrete Aggregate (RCA) and Waste Rock (WR). The geotechnical performance and properties of the recycled aggregates blends of particular interest in this research were Fine Recycled Glass blended with Waste Rock (FRG/WR) and Fine Recycled Glass blended with Recycled Concrete
Aggregates (FRG/RCA) in pavement bases. FRG is the main by-product of the glass recycling industry and is usually collected from residential waste. RCA is a by-product of construction and demolition activities of concrete structures. WR is an excavated rock which originated from "basalt floaters" or surface excavation basalt rock which commonly occurs near the surface and is traditionally disposed as waste, often into landfill.
Recycled glass exhibits geotechnical properties similar to natural aggregate materials especially to those of mixtures of gravel and sand. Recycled glass has many potential benefits in terms of geotechnincal and drainage applications (Landris, 2007 , Ooi et al., 2008 , Wartman et al., 2004 .
Recycled glass particles are generally angular shaped and contain some flat and elongated particles with a flakiness index of up to 95% reported for some recycled glass resources (Disfani et al., M a n u s c r i p t
5 applications has been reported in recent years (Disfani et al., 2011 , Disfani et al., 2012 , Grubb et al., 2006a , Grubb et al., 2006b , Wartman et al., 2004 .
RCA has been investigated as pavement base and backfill materials (Paul et al., 1996) . RCA can be effectively used in pavement base and subbase as it is environmentally friendly and desirable high strength construction material (Park, 2003) . RCA has been recently evaluated in the laboratory for pavement base and subbase applications by several authors whom have reported that it was a suitable material for pavement base and subbase applications (Azam et al., 2012 , Gabr et al., 2012 . Gomez-Soberon (2002) reported that RCA would provide better drainage in base and subbase than a natural aggregate as it possesses higher values of void ratio, porosity and hydraulic conductivity than a natural aggregate.
WR is excavated rock from construction sites for residential sub divisional development (Arulrajah et al., 2012a) . Usually, this rock has been disposed into landfills as a waste. However, due to its hardness and durability, this rock has been crushed and used in pavement base/subbase as a replacement material for high quality aggregates in various countries. (Akbulut et al., 2007 , Nunes et al., 1996 , Papagiannakis et al., 2007 , Rodgers et al., 2009 , Saride et al., 2010 , Tao et al., 2010 .
Materials and methods
Samples of recycled aggregates were obtained from a recycling site in the state of Victoria, Australia. FRG has the maximum particle size of 4.75 mm while the other recycled aggregates (WR, RCA) had a maximum particle size of 20 mm. Laboratory tests were undertaken on these various recycled aggregates by using specified international standards. The laboratory tests included basic characterization tests such as particle size distribution, modified Proctor compaction, particle density, water absorption, California
Bearing Ratio (CBR), Los Angeles abrasion, pH and organic content tests. Specialised laboratory tests were subsequently undertaken including triaxial tests and repeated load triaxial tests. Modified proctor effort requires imparting higher compaction energy levels which is typically required for pavement base/subbase applications. Normal proctor effort on the other hand is typically specified for embankment and fill applications that are not subjected to high compaction loads. As such, material was mixed to the appropriate optimum moisture content in the pugmill at the recycling site and immediately transported by truck to the site, a haulage time of approximately 1-2 minutes. The material was placed in two equal lifts so as to achieve high density and to ensure that the density was uniform with depth within the base. For each lift, after placement and rough spreading, the surface was graded to a uniform level using the controlled grader, followed by compaction rolling with a 12 tonnes vibratory steel drum roller. The final surface was trimmed to an even level and was followed by the finishing of the surface with the multi-tyred roller. A minimum 3 day dry-back period was applied to each lift. During the dry back periods, Nuclear Density testing was conducted for each lift to check density and moisture content. Nuclear Density tests were also conducted to measure the final compaction levels of the combined 200 mm base. Final levels of the base surface were also taken to confirm base thicknesses.
The glass additive component of the blends, being essentially non-plastic, was expected to detract from the workability and cohesion characteristics of the WR and in particular the RCA blends. The pugmilling of products prior to placement obviously aided the uniformity of the placed material, with respect to both moisture content and grading, and so segregated or bony patches were rarely observed. With regard to the final prepared surface, it was noticed that the FRG/RCA with glass was not as tight showing a tendency to ravel on the prepared surface in some areas as the FRG/WR with glass additive. This is probably due to the extra cohesion imparted by some clay component present in the WR materials. Overall the WR and RCA blends with 15% glass additive appeared to be the easiest one to place. M a n u s c r i p t
A specialized truck was used to apply 50 mm glassphalt in a single pass, followed by an automatic controlled grader and a 12 tonnes vibrating steel drum roller followed by the finishing of the surface with the multi-tyred roller. Automatic levelling tests were performed 4 days after the construction of asphalt surfacing to determine the final thickness of the asphalt layer.
For the assessment of the geotechnical performance of the recycled materials and their impact on base strength and stiffness, field testing was conducted at various locations after the placement of the pavement base layers. The field tests were undertaken 3 days after the placement of the subbase and base layers with a Nuclear Density Gauge (NDG) and Clegg Hammer (CH). It was expected that the field moisture conditions at the time of testing would be lower than the optimum moisture conditions at the time of compaction, as the materials were delivered within the recycling site and haulage time was 1-2 minutes.
The Standard Clegg hammer consists of a 4.5 kg compaction hammer using a 457.2 mm drop height which is equipped with an accelerometer as described in ASTM D5874-07 (ASTM 2007).
The Impact Value (IV or CIV) is a dynamic force penetration property which relates to soil strength and may be used to set a strength parameter (ASTM 2007). Equation (1) was used to convert the Clegg Impact Value (CIV) to a field CBR value (Clegg, 1986) .
CBR Field (%) = 0.06 CIV 2 + 0.52 CIV + 1 Equation (1) To obtain a strength ratio which is defined as the ratio of CBR obtained in field from Clegg hammer test to the required CBR value (28% for this application); Equation (2) was used (Clegg, 1986) .
Field Required CBR 100 Strength Ratio (%) CBR Equation (2) A nuclear density gauge was used to obtain the in-place density and water content of the compacted layers following the ASTM D 6938-08a test method (ASTM 2008) . Equations (3) and (4) were implemented to obtain the moisture ratio and density ratio of the compacted base layer using the M a n u s c r i p t 
Results and Discussions
Laboratory Testing Phase Table 1 presents the geotechnical properties of the FRG/RCA blends from laboratory tests undertaken in the laboratory characterization phase of this research project. Table 2 % of fines, USCS symbol and description are also summarized in Table 1 and M a n u s c r i p t
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10 Particle density and water absorption tests were undertaken on both coarse (retained on 4.75 mm sieve) and fine (passing 4.75 mm sieve) materials. It can be noted from Table 1 and Table 2 that the particle densities of coarse aggregates (retained on 4.75 mm sieve) are similar to those for the fine aggregates and are only slightly higher than the fine aggregates (passing 4.75 mm) for all the recycled material blends tested. The FRG material predominantly comprises fine aggregates and as such values could not be obtained for coarse aggregate of FRG. The high particle density indicates the existence of high quality aggregates for both the fine and coarse aggregates. Particle densities for the FRG/WR blends are noted to be higher than that of the FRG/RCA blends. The WR100
shows marginally higher particle density for coarse and fine materials among the blends tested as one would expect. This would indicate that the WR is a higher quality material than RCA.
The water absorptions of coarse aggregates are noted to be higher for the FRG/RCA blends compared to the FRG/WR blends. For the FRG/RCA blends, the fine particles have higher water absorption than the coarse particles as the RCA content increases. This is because the fine particles, with larger specific surface, absorb more water than the coarse ones. Water absorption values could not be obtained for FRG coarse particles due to the lack of coarse aggregates. Generally, pure glass has zero water absorption capacity, however, the FRG used in this investigation comprised some soil and other particles and as such was not 100% pure glass, and hence the minimal water absorption. It is found that the water absorption values of FRG/WR blends range from 1 to 3.25%
which is similar for a natural aggregate where the value rarely exceeds 3% (Poon et al., 2006) . The water absorption value of FRG/RCA blends is higher ranging from 2 to 8.2%. Among the material tested, FRG showed the least values for the water absorption as expected.
Organic contents were found to be minimal for FRG. Organic content in the FRG/RCA blends increase with the RCA content indicating that RCA has a higher organic content as compared to FRG. Organic content for FRG/WR blends were found to be minimal with values less than 0.78%.
The pH values of the FRG/RCA blends are around 11, which being above 7 and indicate that the FRG/RCA blends are alkaline by nature. The pH values of the FRG/WR blends are between 9 to 10 M a n u s c r i p t
11 and are similarly alkaline. pH values are 9.6 for FRG. It appears that the RCA material is more alkaline than the other parent recycled aggregates.
Fines content is low for FRG and high for RCA and WR. The blending of FRG with crushed rock as undertaken in the footpath construction, in this case with only 15% and 30% content of FRG, was proposed to overcome this potential issue. As cohesion of particles and a tightly prepared surface is usually a sought after characteristic, blending of FRG with either RCA or WR appears to be the right solution to increasing cohesion properties of FRG blends.
Hydraulic conductivity determined from constant head method indicates FRG to be a high permeability material similar to sand, which is as expected. Hydraulic conductivity of FRG/WR, FRG/RCA, and RCA can be described as low permeability materials. As blends with WR and RCA comprise of higher fines size content, these materials showed lower values for hydraulic conductivity. The hydraulic conductivity values of the FRG/WR blends is similar to that reported of 6.59×10 -8 m/s for a natural aggregate (Poon et al., 2006) . The hydraulic conductivity of the FRG is considered as a high permeability material, similar to a sand, which is as expected.
Flakiness index is relevant for aggregates used in bituminous mixtures, and is specified for base materials. Tam and Tam (2007) has previously suggested that a flakiness index value of 40 could be Modified compaction tests conducted on the recycled material blends were plotted in Figure 4 and Typical RLT results of permanent strain testing (Phase 1), which consists of variations of permanent strain and resilient modulus against number of load cycles, for the FRG15/RCA85 is plotted in Figure 6 . Table 3 and Table 4 presents range of permanent strain and resilient modulus from permanent strain testing for FRG/RCA blends and FRG/WR blends respectively at the end of each loading. These repeated load triaxial tests were undertaken by the method established by Austroads (2000) . Figure 6 indicates that higher moisture content produces higher permanent strain and the lower moisture content results in a smaller permanent strain value. An increase in moisture content will result in a reduction in matric suction of the specimen and also a decline in stiffness and a subsequent higher permanent strain. Similar trends have been reported for repeat load triaxial M a n u s c r i p t
14 testing of recycled materials (Arulrajah et al. (2013b) . The permanent strain at 68% OMC was little higher than the permanent strain at 74% OMC and was not consistent through the tests.
From Table 3 it can be concluded in general that permanent strain was not sensitive to moisture content and FRG content. Resilient modulus was however sensitive to both moisture content and FRG content and a higher content of glass additive could potentially produce lower resilient modulus, most probably due to the reduction of active cement content in the blends. The performances of the RG/RCC blends in RLT tests in this research were found to be superior to those of natural granular subbases. Table 4 shows the permanent strain and resilient modulus values obtained for 3 moisture levels for FRG/WR blends. The results of the RLT tests presented in Table 4 indicate that permanent strains are sensitive to moisture content between 60% and 90% modified w opt . The lower moisture content results in a smaller permanent deformation value. From Table 4 , it can be concluded that generally a higher FRG content could potentially produce higher permanent strains as the FRG has less stiffness and durability as compared to the parent RCA and WR materials. However, this trend is not consistent through the results especially for stage 1 and this might be due to the variation of moisture content which makes it difficult to establish a trend for permanent strain. On the other hand, the resilient modulus was not sensitive to changes in either moisture or FRG content. The performance of the FRG/WR blends in RLT tests in this research is comparable to those of natural granular subbase reported in Table 4 .
Field Testing Phase
Direct transmission method of nuclear density and moisture testing was conducted on the granular bases after the construction of each layer at 10 meter intervals along 2 wheel paths for each of the pavement sections. Field density values were calibrated by using oven moisture tests obtained from It was noted that the FRG30/WR70 blend containing 30% recycled glass content produced the lowest density ratio compared to other FRG/WR blends with less glass additive content. Similarly, the FRG30/RCA70 blend containing 30% recycled glass content also produced the lower density ratio compared to other FRG/RCA blends. From this finding, it can be concluded that, a blend containing a recycled glass additive content of greater than 20%, would likely result in a lower field dry density being achieved.
Road authorities require material to have minimum mean values of density ratio of 100% for base materials for light duty pavements. The base layers were also found to be marginally below these requirements except for the RCA and FRG15/RCA85 sections.
Field moisture contents between pavement trial sections was taken at the time adequate dry back was deemed to have occurred. It was also assumed that all base materials had their optimum M a n u s c r i p t
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16 moisture content when delivered at the construction site. It was found that all bases dried back quickly during the dry back period and the moisture content before priming was well below the targeted moisture of 70%. Whilst the timing construction to take place during the summer, which was expected to aid dry back, it was anticipated that a drying period of at least three days was likely. The field moisture content results indicated that for the FRG/RCA blends, the average moisture contents varied in the large range of 6-8.3% which is due to variation in their respective
OMCs and differing dry back times. They were higher overall than the average moisture contents of the FRG/WR blends, which varied within a much smaller range of 4.9 to 5.2%. The control sections (RCA, WR) had field moisture contents of 6.9% and 5% respectively, which were fairly consistent with the FRG/RCA and FRG/WR blends.
Road authorities require material during compaction to have a moisture content of not less than 85% of optimum during compaction and, after completion of compaction of a layer. The moisture content of the material in the layer shall be maintained at a moisture content of not less than 85% of optimum until test rolling has been completed. Based on the results in construction of the base for the pavement trial complied with target minimum moisture content requirement of 85% OMC.
Road authorities also require the uppermost pavement layer after preparation of the surface and prior to priming or primer sealing to be dried back in moisture content to an extent that the mean Moisture ratio is less than 60% of the OMC based on modified compactive effort, with an individual result not exceeding 70%. In comparing with the above dry back criteria, all pavement sections complied with this requirement for drying back of pavement base prior to placement of the thin 50 mm glassphalt surface layer
The results from the Clegg Hammer tests results were analysed to determine CBR values of the various pavement sections as well as to determine the strength ratios after field compaction. 
Conclusions
The recycled aggregates studied in this research by means of experimental and field testing were FRG, RCA and WR in blends in pavement base applications. The geotechnical performance and properties of FRG additives in blends with RCA and WR in pavement bases was assessed.
The field and laboratory testing results indicated that FRG blends are suitable in pavement subbase applications but not fully compliant with the local road authorities requirement for pavement base applications. It is to be noted that as the field trial pavement base constructed with FRG blends was for a private haul road, and as such did not have to meet the local road authority requirements. The Tables   Table 1: Geotechnical properties of FRG/RCA blends. 
